We studied similarities and differences in the qualities of individual odors across colonies and species of African eusocial mole rats using habituation techniques. Giant mole rats (Cryptomys mechowi) treated anogenital odors of 2 conspecifics from 1 colony as similar to each other and different from the odor of a conspecific from another colony, providing evidence for kinship odors. Subjects also discriminated between the subtle differences in the individual odors of familiar colony members. In another set of tests, mole rats from 3 species (C. mechowi, C. anselli, and C. kafuensis) treated anogenital odors of genetically closer heterospecifics as more similar to odors of conspecifics than to odors of less closely related heterospecifics. Thus, odor similarities paralleled genetic similarities as determined by the analysis of allozymic and karyotypic distances. The results demonstrate that similarities in individual odors covary with genetic similarities within colonies and across species. These similarities could provide a basis for different types of social recognition based on self-referent matching.
Similarities between odors of individuals of varying degrees of genetic relatedness have been studied in an effort to better understand the importance of individual odors in various types of social recognition in rodents, including recognition of individuals Todrank et al. 1998 Todrank et al. , 1999 , kin Todrank et al. 1998 Todrank et al. , 1999 , populations , and species (Heth and Todrank 2000; Heth et al. 1999) . The cumulative evidence indicates that perceived similarities in individual odors vary directly with genetic similarity between individuals (i.e., the closer the genetic relatedness, the more similar the odors). This relationship has been termed ''odor-genes covariance'' (Heth and Todrank 2000) . There is evidence from habituation tests with golden hamsters (Mesocricetus auratus) and Turkish hamsters (M. brandti) of detectable perceptual similari-* Correspondent: heth@research.haifa.ac.il ties in individual flank-gland odors among litter mates and among paternal half-siblings by virtue of the genes they share in common: odors from donors that are from the same litter or that share a common father are treated as similar Todrank et al. 1998 Todrank et al. , 1999 . Likewise, members of the same population or species share common genes and also common qualities in their individual odors: urine odors of individuals within populations of blind subterranean mole rats (Spalax ehrenbergi) are treated as similar by laboratory rats and by blind mole rats (G. Heth and J. Todrank, in litt.) . Although individual urine odors within species of blind mole rats are individually distinctive (Todrank and Heth 1996) , they are treated as similar compared with odors of individuals of another species Heth and Todrank 2000) . In golden and Turkish hamsters, flank-gland odors of conspecifics are also treated as similar compared with the flank-gland odor of a heterospecific individual . In another recent study blind mole rats from the S. ehrenbergi superspecies complex in Israel treated urine odors of individuals from more genetically similar species as similar compared with the urine odor of an individual from a less closely related species, demonstrating that the covariance between individual odors and genes is not confined to similarities within species and that the similarities across species parallel the branching of the phylogenetic tree (Heth and Todrank 2000) .
Studies of similarities between individual odors in hamsters also produced the following interesting result: both golden and Turkish hamsters spontaneously discriminated between individual flank-gland odors of their own familiar siblings or siblings from another family that were familiar to them, but they did not discriminate between flankgland odors of their own unfamiliar siblings or siblings from another family that were unfamiliar to them Todrank et al. 1998 Todrank et al. , 1999 . These findings suggest that golden and Turkish hamsters can distinguish familiar individuals from their odors even when the qualities of the odors are very similar.
Previous studies of similarities between individual odors and their role in social recognition have been conducted in solitary rodent species, both subterranean (blind mole rats) and fossorial (hamsters). The purpose of this investigation was to explore these relationships in social subterranean rodent species. Cryptomys (Bathyergidae, Rodentia) mole rats are found over a wide geographic area from Ghana to Cape Province in South Africa and live in colonies that consist of a single breeding pair and their nonbreeding offspring, who remain with their parents and act as the workforce for foraging and maintaining the burrow system (Jarvis and Bennett 1990) . These African mole rats are readily recognizable as Cryptomys, yet the extreme variation across species in morphological characteristics (e.g., body size, pelage coloration, and cranial parameters), which are typically useful in rodent alpha-taxonomy, are inappropriate for establishing taxonomic relationships among the species of this genus because the morphological similarities do not reliably parallel the genetic similarities (Burda et al. 1999) . Recent evidence based on allozyme variation demonstrates that the taxonomic relationship among the Cryptomys species does not correspond to their ecological or geographic distribution or to their morphological differentiation (Burda et al. 1999; Filippucci et al. 1997) . For example, in Zambia, 1 small species, C. anselli, is more genetically similar to the giant mole rat (C. mechowi) than to another small species, C. kafuensis (Filippucci et al. 1997) . These 3 species were used in this investigation because their degrees of genetic relatedness are clear.
The Cryptomys genus was selected for this study because its eusocial living system, which is rare among mammals, provides an opportunity to explore the similarities between individual odors within and across colonies. This is of interest because the incest avoidance among parents and offspring and among siblings is presumably based on individual recognition, but the proximate (sensory) mechanisms remain obscure (Burda 1995) . In addition, testing similarities between individual odors across species within a genus in which the genetic similarities do not parallel morphological similarities provide an opportunity to confirm that ''odor-genes covariance'' depends on overall genetic similarities rather than on particular morphological adaptations. This is also the first investigation of the importance of chemical communication in the genus Cryptomys.
MATERIALS AND METHODS
Experiment 1.-This experiment was conducted to assess the similarities between individual odors within colonies of the giant mole rat in order to demonstrate kinship odors and to de-termine whether giant mole rats discriminate between odors of sibling mole rats from their own and from another colony.
Colonies of mole rats (wild-captured parents and their captivity-born offspring) were housed in large glass terraria on a layer of horticultural peat, fed on a diet of fresh vegetables (carrots and potatoes) and fruit (apples), and kept in an animal room under natural light regime (Scharff et al. 1999) in the University of Essen, Germany. Thirteen adult nonreproductive female mole rats (note that only the queen of the colony reproduces, and the daughters in the colony do not have estrous cycles) from 3 colonies were subjects in the experiment and also served as odor donors. Subjects were familiar with their sisters because they lived together in the same colony, but subjects had never been in contact with any members of the other 2 colonies. Because there were limited numbers of animals available for testing, some served as subjects in both conditions. At least 1 day separated the 2 tests. None of the subjects had previous experience in experiments involving chemosensory stimuli. (Females were used because there were not sufficient numbers of adult males available for testing.)
Habituation experiments with odors are typically used to assess the perceived differences between odors (Halpin 1986 ), but habituation techniques can also be used to assess the perceived similarity of odors . Extended exposure to the odor from 1 individual results in decreased investigation of this odor (habituation). Upon presentation of odors from different individuals, investigation increases depending on the extent to which the subject discriminates the test odors as different from the habituation odor ).
We exposed each subject to the anogenital odors of other females on 5 consecutive trials; the first 3 trials were habituation trials, in which the anogenital odor came from the same donor. Anogenital secretions were used as odorous stimuli because we observed that when colony members greet each other, their investigation focuses on the anogenital area, suggesting that anogenital odors are important in individual recognition. The 4th and 5th trials were test trials, in which anogenital secretions from 2 other females were presented. In the 1st test trial we presented the odor of a sister of the 1st odor donor to assess the discrimination between the odors of siblings. In the 2nd test trial we presented the odor of a female conspecific that was not related to the first 2 donors or to the subject. This was used as a control to ensure that subjects would show discrimination between odors of unrelated females. Subjects were tested with odors of same-sex individuals to avoid possible confounds because of preferences for odors of opposite-sex, unrelated individuals. Each trial was 3 min in duration, and trials were separated by about 1 min.
Odors were presented on a glass plate (9 by 11 cm) in a clean glass terrarium (21 by 40 by 25 cm) in a separate room from the housing facility. We transferred anogenital secretions to this plate by picking up the donor and rubbing the anogenital area on one-half of the plate for 5 s. During the trials, we measured the amount of time the subjects spent in investigating the odors (when the subject's nose was within 0.5 cm of the stimulus area). At the end of each trial, we removed the plate; 1 min later, we began the next trial by placing a freshly scented plate in the cage.
We tested subjects in 2 conditions. In the 1st condition (''familiar sisters'') 9 females were exposed (habituated) to the odor of 1 familiar sister from their own colony and then tested with the odors of 2 females, first the odor of a 2nd sister and then the odor of an unfamiliar female from a different colony. In the 2nd condition (''strangers'') 10 females were habituated to the odor of an unfamiliar female from another colony. After the habituation, they were tested with the odors of an unfamiliar sister of the 1st odor donor and then with the odor of an unfamiliar female from a different colony. These 2 conditions were designed to determine whether familiarity with the scent donors would influence discrimination between their odors.
We used Wilcoxon matched pairs tests to analyze the results. Note that the direction of the tests is important: only a significant decrease in investigation across the habituation trials indicates habituation, and only a significant increase in investigation on the test trials indicates discrimination between the odors.
Experiment 2.-Experiment 1 (and other recent evidence described previously) have demonstrated similarities in the quality of the odors of close relatives. In the 2nd experiment we explored the similarities in individual odors across FIG. 1.-Mean time (ϮSE) that mole rats spent investigating the anogenital secretion of conspecifics during 3-min trials. During habituation trials, the anogenital secretion from 1 female donor (white) was presented; in test trial 1 the anogenital secretion from another donor from the same colony (light shading) was presented; in test trial 2 the anogenital secretion from a female from a different colony (dark shading) was presented. Familiar sisters (n ϭ 9)-donors for the habituation and 1st test trials were the subjects' familiar sisters; for the 2nd test trial donors were unfamiliar and unrelated to the subjects. Strangers (n ϭ 10)-all donors were unfamiliar and unrelated to the subjects. * indicates P Ͻ 0.008. 3 species of Zambian Cryptomys eusocial mole rats (C. mechowi, C. anselli, and C. kafuensis) with different degrees of genetic similarity.
Sixteen adult female mole rats (8 C. mechowi from 3 colonies, 4 C. anselli from 2 colonies, and 4 C. kafuensis from 2 colonies) served as subjects and anogenital secretion donors. The 8 C. mechowi females had been subjects in experiment 1. The 3 species were housed in the same room with separate terraria for each colony. All animals received the same vegetable diet.
The procedure was similar to experiment 1 except for the manner of presentation of the odors in the habituation and test trials. Subjects habituated to the odor of a conspecific during a single 10-min habituation trial. During the 5-min test trial, anogenital secretions of females from the other 2 Cryptomys species were presented at the same time, each on one-half of the glass plate. We presented the test odors simultaneously because in pilot experiments using readily discriminable odors, differential responses based on similarity were more obvious when the 2 test odors were presented together. We analyzed the results using Wilcoxon matched-pairs tests.
RESULTS
Experiment 1.-Subjects in both the familiar sister and the stranger groups significantly decreased their investigation of the odor of the 1st donor over the 3 habituation trials ( Fig. 1 ; trial 3 compared with trial 1: familiar sisters, n ϭ 9, T ϭ 0, Z ϭ 2.67, P Ͻ 0.008; strangers, n ϭ 10, T ϭ 2, Z ϭ 2.60, P Ͻ 0.009). This decline demonstrates that the subjects recognized successive samples of the same individual's anogenital secretion as having the same odor quality.
Subjects in the familiar sisters condition significantly increased their investigation in the 1st test trial when compared with the last habituation trial ( Fig. 1a ; n ϭ 9, T ϭ 0, Z ϭ 2.67, P Ͻ 0.008), indicating that they discriminated between the anogenital odors of familiar siblings. Subjects in the strangers condition, however, did not show a significant increase in investigation when presented with the anogenital secretion from the 2nd stranger: the investigation in the 1st test trial was less than in the last habituation trial (Fig. 1b ; n ϭ 10, T ϭ 4, Z ϭ 2.40, P Ͻ 0.017), indicating that they did not discriminate this test odor as different from the habituation odor. Thus, they generalized between the odors of 2 female strangers from another colony.
For both groups, the investigation of the anogenital odor in the 2nd test trial was significantly greater than in the 1st test trial (familiar sisters: n ϭ 9, T ϭ 0, Z ϭ 2.67, P Ͻ 0.008; strangers: n ϭ 10, T ϭ 0, Z ϭ 2.80, P Ͻ 0.005; Fig. 1) , showing both that subjects discriminated between the odors of unrelated conspecifics and that in both conditions the qualities of the odors of the 2 siblings were similar compared with the odor of the unrelated individuals.
Experiment 2.-During 10 min of exposure to the anogenital secretion of a female conspecific, subjects spent an average of 20 s sniffing the stimulus (mean time Ϯ SE: C. kafuensis, 28.62 Ϯ 7.77 s; C. anselli, 20.68 Ϯ 2.01 s; C. mechowi, 15.49 Ϯ 2.66 s), sufficient time to habituate to the odor. During FIG. 2. -Mean time (ϮSE) during a 5-min test trial that female mole rats from each of 3 species (C. anselli, n ϭ 4; C. mechowi, n ϭ 8; C. kafuensis, n ϭ 4) spent investigating the anogenital secretion from females of the other 2 species after 10 min of habituation to anogenital secretion from a conspecific female. Every subject spent less time investigating the anogenital secretion of the female from the more genetically similar heterospecific species, but because of the small sample sizes, the statistical comparisons were significant only for C. mechowi and for the 3 species combined.
the test trial, every subject spent less time investigating the anogenital secretion of a female from the genetically closer species than from the more genetically different species ( Fig. 2; C. kafuensis, n ϭ 4, T ϭ 0, Z ϭ 1.83, P ϭ 0.068; C. anselli, n ϭ 4, T ϭ 0, Z ϭ 1.83, P ϭ 0.068; C. mechowi, n ϭ 8, T ϭ 0, Z ϭ 2.52, P Ͻ 0.01; combined results, n ϭ 16, T ϭ 0, Z ϭ 3.52, P Ͻ 0.001). The difference is not significant (P Ͼ 0.05) for C. kafuensis and C. anselli because the sample sizes are too small, but the T ϭ 0 in each case confirms that all the subjects showed the same response, justifying an analysis of the combined results.
DISCUSSION
In experiment 1, mole rats treated odors of close relatives (siblings) as similar compared with those of unrelated individuals, and they discriminated between the odors of familiar siblings but did not discriminate between the odors of unfamiliar siblings from another colony. In experiment 2, mole rats from 3 Zambian Cryptomys species treated odors of the more closely related heterospecifics as more similar to odors of conspecifics than odors of the less closely related heterospecific species.
The results of experiment 1 alone do not demonstrate that familiarity with the odor donors is necessary for subjects to discriminate between the similar odors of siblings because the familiar donors were also the subjects' genetic relatives. The same pattern of results was found, however, in similar experiments with hamsters Todrank et al. 1998 Todrank et al. , 1999 ) that included subjects from litters of cross-fostered pups, which indicated that familiarity enables the recognition of individuals and their odors. The results of experiment 1 suggest that this is also true for giant mole rats.
Until recently, there has been little empirical evidence to support the generally accepted view that similarities between individual odors vary directly with the degree of genetic relatedness between the individuals (Beecher 1982; Hepper 1991) . The results in experiment 1 demonstrate that odors of closely related individuals have similar qualities and provide evidence for kinship odors within colonies of giant mole rats, thus substantiating the recent findings (Heth and Todrank 2000; Heth et al. 1999 Heth et al. , 2001 Todrank et al. 1998 Todrank et al. , 1999 about the relationship between individual odors and genetic relatedness with new evidence from a social, subterranean rodent species.
A recent interspecific study with blind mole rats (Spalax) demonstrated that odor similarities paralleled the relationships determined by phylogenetic analysis and that odor-genes covariance is not confined to the similarities within species (Heth and Todrank 2000) . The results from experiment 2 suggest that the odor of the closer species was perceived as more similar to the odor of the subjects' own species (the habituation odor), providing further evidence of odor-genes covariance in the more genetically diverse Cryptomys genus. These results also indicate in Cryptomys, as in Spa- JOURNAL OF MAMMALOGY lax, that the odors that identify an individual as a member of a particular species do not depend on species-specific odor markers but rather on the components they share in common with all other members of their species and that many of the odorous components shared within species are also shared with members of close heterospecific species (Heth and Todrank 2000) .
In the S. ehrenbergi superspecies in Israel, DNA-DNA hybridization analysis was used to establish the phylogenetic relationships among the species because the 4 sibling species are morphologically indistinguishable (Nevo 1991) . In contrast, Cryptomys species are extremely morphologically variable and, interestingly, the taxonomic relationships among the species do not follow those predicted by the morphological variation (Burda et al. 1999; Filippucci et al. 1997) . Because the small C. anselli and the giant C. mechowi have more similar odors and are more genetically similar to each other than either is to the small C. kafuensis, it is clear that in social mole rats, odor similarities parallel overall genetic similarities rather than morphological characteristics. The findings also confirm the hypothesis that similarities between individual odors and degrees of genetic relationship are not confined to solitary rodent species but are equally evident in social rodents. Similar results have been found across pairs of genetically similar species in the Mus musculus species complex (Heth et al. 2001) . Heth and Todrank (2000) raised the question of how individuals would be able to recognize members of their own rodent species, given the similarities in individual odors across species and without the benefit of species-specific odor markers. They hypothesized that, because similarity between individual odors is a reliable indication of genetic similarity between individuals, a self-referent matching mechanism (in which an individual assesses its genetic relatedness to another individual by comparing that individual's odor with its own odor) would be the most efficient means of social recognition at various levels from kin groups through populations to species. Holmes and Sherman (1983) referred to self-referent matching as a possible basis for kin recognition. Cryptomys mole rats, like many social rodents, may rely primarily on familiarity to recognize particular individuals (Burda 1995) . This type of individual recognition is sufficient to maintain the incest avoidance among common mole rats (Burda 1995) but would not be useful in assessing the relative appropriateness of 2 unfamiliar conspecifics that may be potential mates. Recent evidence indicates that a phenotype-matching mechanism supports the incest avoidance in Cryptomys (G. Heth, J. Todrank, S. Begall, and H. Burda, in litt.), and this phenotype matching could be a self-referent matching mechanism. Even if social species do not use self-referent matching in recognition of kin, they may use a self-referent matching system to recognize other members of their own species, particularly if they lack species-specific odor markers to guide their assessment. Such a mechanism for species recognition has not been tested and would have to be assessed in a complex of species in which cross-fostering is possible. Research is currently under way to substantiate individual odor-genes covariance in complexes of wild social rodent species and to rigorously assess the importance of selfreferent matching in various types of social recognition.
